The most abundant volatiles detected during the forensic ethanol analysis are ethanol, acetaldehyde, 1-propanol, 2-propanol, and acetone. These volatiles could either be initiated in the human body after the consumption of alcoholic beverages; or have been produced ante mortem during metabolic processes or post-mortem by microbes. Aims of this study were the determination of the volatiles' concentrations in autopsy blood samples received from 483 routinely autopsied corpses and classification of their patterns according to the manner of death, and the presence of putrefaction at autopsy. The volatiles concentrations were determined by a validated gas chromatographic method. The experimental values obtained from these determinations were submitted to statistical evaluation by principal component analysis (PCA). Blood acetaldehyde, acetone, 1-and 2-propanol concentrations were higher in cases of violent and undetermined deaths compared to the ones determined in cases of natural deaths. Blood volatiles concentrations were dispersed in higher values in cases with putrefaction compared to cases without putrefaction at autopsy. Blood volatiles had low values in the majority of cases with low BAC. All volatiles had higher maximum concentrations and broader concentration ranges when BAC ranged from 10-100 mg/ dL. Cases of undetermined manner of death along with some cases of violent deaths achieved clustering (PCA) from cases of violent or natural manner of death indicating similarities among the grouped samples on the basis of measured blood 1-propanol and ethanol concentrations. The latter novel finding needs further investigation using a larger dataset pool and possibly other classification method with a different regression model.
T he detection of certain volatiles in autopsy blood samples has been used in the field of forensic toxicology in order to aid: the specification of the origin of post-mortem ethanol [1] [2] [3] [4] ; the evaluation of a probable cause of natural death [5] ; the determination of the cause of intoxications [6] ; the support of a pathological diagnosis [6] [7] [8] ; even the determination of the location of clandestine burials and human remains [9] .
Most of these studies report in parallel the concentration of ethanol measured in the specimen and discuss its correlation to the presence of volatiles [1] [2] [3] [4] [5] [6] [7] [8] . Other studies report on the prevalence of ethanol in natural and non-natural deaths [10] [11] .
However, to our knowledge, there are not available data in the literature on the prevalence and levels of different volatiles in autopsy blood samples from different death cases. Our preliminary results have shown the possible existence of specific patterns of volatiles in different autopsy cases [12] [13] .
Therefore, in this study we present the blood concentration patterns of ethanol and the most abundant volatiles -namely acetaldehyde, acetone, 1-and 2-propanol -in samples received during autopsy from natural and non-natural (violent) death cases as well as death cases of undetermined origin.
Furthermore, we investigate the study hypothesis of a possible existence of a core pattern of volatiles which could be different between autopsy cases that have different either forensic status, or origin or characteristics by principal component analysis (PCA). The variables used for evaluation were the blood volatile concentrations the manner of death and the presence of putrefaction at autopsy.
Materials and Methods
Sample Definition: The Department of Forensic Medicine and Toxicology of the Medical School, University of Ioannina bas been legally authorized to perform all the medico legal autopsies and toxicological analyses in the region of Epirus, north-western Greece. Cases included in the study were routinely autopsied in the Department.
According to the Greek legislation the forensic medicine specialist is responsible to perform full medico legal investigation of the entire criminal, suspicious, accidental, suicidal, sudden and unexpected, unexplained or in any way not due to natural cause death cases [14] . He is authorized to decide on the sampling time (prior, or during autopsy), the sampling site and the types of post mortem specimen that would be collected and subjected to toxicological analysis.
Autopsy blood samples collected from 483 routinely autopsied corpses were subjected to toxicological analysis. Autopsies were performed 12-18 hours after death (or finding) and refrigeration of the body at 40C. The primary collection site was femoral vein, followed by heart cavity or any other available site in cases with severe trauma or advanced putrefaction. Autopsy blood samples were collected in sterilized blood collection tubes of 4.0 mL (containing EDTA and KF) (VACUETTE, Greiner Labortechnik, Austria) and stored at 40C.
Samples routinely were analyzed for ethanol and other volatiles 2-8 hours post autopsy. All samples were measured in duplicates and mean values of the two measurements were reported. BAC should have shown an agreement of ±5% otherwise a third measurement was performed. Concentrations of all volatiles higher than the respective LODs were considered positive for the evaluation presented herein.
Cases were classified according to the manner of death -after evaluating the autopsy, toxicological and/or histological results for each case -as natural, violent or undetermined deaths. Cadavers having any obvious sign of putrefaction at autopsy, such as, greenish discoloration of abdomen and genitals possibly spread up to breast and limbs, abdomen swelling, bloated body were categorised as cases with putrefaction.
Otherwise, in the absence of any obvious sign of putrefaction at autopsy, cases were characterised as without putrefaction.
Alternatively cases were classified according to BACs into: Low BAC cases when BAC was lower than 10 mg/dL (these cases are reported as ethanol negative in the official toxicological report; however for the purposes of this study only cases with ethanol<LOD were considered ethanol negative); Medium BAC cases when BAC ranged from 10-100 mg/dL and; High BAC cases when BAC was higher than 100 mg/dL.
Determination of volatiles: The procedure for the preparation of samples and for the determination of ethanol and the other volatiles was performed as previously described [15] . Chemicals were purchased from Merck in the higher available purity (Darmstadt, Germany). All aqueous solutions were prepared using double distilled (DD) water. Acetaldehyde 99.5% v/v was purchased from Fluka (Buchs, Switzerland). Acetonitrile was used as internal standard for the determination of volatiles in aqueous solution of 100 mg/dL. Stock aqueous standard solutions were prepared in concentration 4.00% w/v for ethanol; and 0.40% w/v for acetone, 1-propanol and 2-propanol and were stored at 4oC for up to six months.
Working solutions were prepared on a daily basis by mixing the appropriate volumes of the corresponding stock solutions of each analyte and DD-water. Calibration solutions separately for each analyte, were prepared daily, by spiking aliquots of blank human blood (whole human blood that was certified to be volatile organic compound free) with the appropriate volume of working solution. Stock aqueous standard solution of acetaldehyde was prepared daily in concentration 0.2% w/v.
Acetaldehyde calibrators were prepared daily in physiological saline (0.9% w/v NaCl). In 10 mL head space vials containing 0.50 g ammonium sulfate were added 500 μL of the calibration solution or of the post mortem blood and 500 μL of the internal standard solution. The vials were then sealed with metal crimp caps fitted with silicon septa and were put to the head space auto sampler for analysis.
Gas chromatography (GC) was performed on a Shimadzu GC 17A gas chromatograph equipped with a SUPELCOWAXTM-10 fused silica capillary column (30m x 0.25mm, film thickness 0.25 μm), a Flame Ionization Detector (FID) and a Shimadzu AOC-5000 headspace-GC automated sample pretreatment and injection system. The temperature of the injection port, the column and the FID was 1150C, 600C and 2600C, respectively. The carrier gas was helium with a flow rate of 0.7 mL/min with a constant pressure of 65 kPa.
The injection inlet was set in a split mode with a split ratio of 10:1. The samples were incubated at 50oC for 8.0 min prior to injection and a head space aliquot of 500 μL was subjected to analysis. Acquisition time was 10 minutes. LODs and LOQs were 0.12 and 0.40 mg/dL for acetaldehyde; 0.01 and 0.04 mg/dL for acetone; 0.04 and 0.10 for ethanol; 0.02 and 0.05 for 1-and 2-propanol, respectively. Cases with blood volatiles equal or higher to the relative LODs were used for further evaluation.
Statistical analysis: Multivariate analysis and classification schemes were carried out using The Unscrambler (CAMO Software AS, Norway) software package. The volatile concentration data were analysed using principal component analysis (PCA) algorithms. PCA is one of the most widely used explorative techniques, as it provides information on both the sample distribution and the correlations among variables [16] .
PCA is a statistical model which effectively removes the redundancy of the original data set by compressing it into a few orthogonal uncorrelated principal components (PCs). Each component is constructed using weighted linear combinations of the original variables. These new composite variables describe most of the initial information in decreasing order where the first PC explains as much of the variance as possible; the second one is perpendicular to the first and covers the maximum possible of remaining residual variance and so on.
Scores are the coordinates related to PCs and loadings are the related coefficients between the original variables and the new PCs. The spatial relationship of the data is visualized by plotting a 2-dimensional score plot of the PCs in which clustering patterns are depicted. A two dimensional scatter plot of loadings for two PCA components depicts the influence of variables on PCs while clustering indicates variable correlation. Since PCA is a least squares technique it can be influenced by individual data with relatively high numerical values compared to the mean variance. These infrequent observations are called outliers.
Hence, we removed the outliers in some parts of our analysis that lead to misleading and inconclusive results.
Results
The volatile compounds that were determined could either be initiated in the human body after the consumption of alcoholic beverages (ethanol, 1-propanol, 2-propanol, acetone) [17] [18] ; or have been produced during metabolic processes (acetaldehyde, acetone, 2-propanol) [19] [20] ; or have been produced by microbes post-mortem (ethanol, acetaldehyde, 1-propanol, 2-propanol, acetone) [21] .
Blood samples from 387 cases had ethanol higher than ethanol's LOD while the remaining 96 cases had ethanol<LOD. BAC was from LOD to 10 mg/dL for 280 samples; 56 samples had BAC from 10-100 mg/dL while 51 samples had BAC > 100 mg/dL. Acetaldehyde was higher than its LOD for 340 samples. 1-Propanol was higher than its LOD for 301 samples. Finally, acetone and 2-propanol were higher than the respective LODs for 359 and 159 samples respectively. In the majority of cases where ethanol was lower than its LOD the other volatiles were also lower than their respective LODs.
Quantitative and statistical parameters of volatiles concentrations after classification of cases according to the manner of death are presented in Table 1 . Ranges of ethanol concentration were similar for natural and violent deaths. In cases of violent and undetermined deaths the blood acetaldehyde, acetone, 1 -and 2 -propanol concentrations had higher values compared to natural deaths (indicated by the respective 75th and 95th percentiles in Table 1 ). In cases with putrefaction the concentrations of volatiles were dispersed in higher values compared to cases without obvious putrefaction at autopsy (Table 2) .
General observations were that in the majority of cases with low BAC the blood volatiles were presented with low values (Table 3 ). It is noteworthy that all volatiles had broader concentration ranges and higher maxima values in the mid-BAC group (10-100 mg/dL).
Principal component analysis: As a first approach PCA was applied to the whole data set without achieving any grouping of samples. In the next step cases with low BAC and concentration of at least one volatile below its respective LOD were removed. The procedure resulted in 86 remaining samples having BAC higher than 10 mg/dL. Discrimination was achieved for the undetermined cases after removing the outliers (20 samples). Total variance was sufficiently explained by the concentrations of ethanol and 1-propanol solely (Figure 1) .
Furthermore, the 86 cases were undertaken PCA analysis after introducing the presence of putrefaction as categorical variable and the two volatiles, ethanol and 1-propanol, as variables. The resulting plot is depicted in Figure 2 and shows that the undetermined cases with some cases of violent deaths can be discriminated. After the removal of 20 outliers PCA analysis resulted in the clustering of undetermined cases.
In the final step, the total 86 cases (without removing any outliers) were studied by PCA analysis including all volatiles but ethanol as variables. This procedure did not result in distinct clustering patterns. In our case, the outliers constitute 23% of the whole data (86 sample measurements) featuring only medium and high BAC cases above the concentration limit. It is important to emphasize however that these outliers are not necessarily wrong measurements by definition. Nevertheless, the evaluation of outliers' data values will be performed using a larger dataset pool and possibly by more advanced statistical methods which are beyond the scope of this work.
Discussion
Acetaldehyde is the oxidation product of ethanol. High acetaldehyde levels have been reported for acutely poisoned alcoholics (mean value of about 0.55 mg/dL [15] , diabetics [22] and fasting individuals [23] . On the other hand, amounts of acetaldehyde less than 3 μM or about 0.01 mg/dL, which is lower than the LOD in this study, have been reported for living individuals intoxicated with ethanol [24] [25] . In the latter studies blood was pre-treated with perchloric acid in order to correct bias due to arte-factual acetaldehyde formation [26] .
Our results could not be compared to those in the aforementioned studies due to differences in the sample origin (ante mortem in previous studies, post -mortem in this study) and sample treatment (in this study acetaldehyde was measured directly on postmortem blood without any sample pre-treatment).
The perchloric acid pre-treatment of autopsy blood resulted, in our hands, in acetaldehyde levels below the LOD in most cases -preliminary data not shown. This study is reporting, for the first time, acetaldehyde levels in post-mortem blood samples that have been sampled routinely at autopsy from cases of different manners of death. Therefore the reported acetaldehyde concentrations could be considered as the normal acetaldehyde pattern in postmortem cases. As regards its origin, any acetaldehyde detected in post-mortem blood is probably the result of either ethanol oxidation [24] [25] or the microbial activity in the sample [15] .
S e r i o u s limitation of this study was the significant decrease in blood acetaldehyde concentrations during storage at 40C for 48 hours (ranging from 50-95%). More specifically, storing 10 autopsy blood samples spiked with different concentrations of acetaldehyde at 40C and performing serial GCanalyses in 12 hours intervals resulted in significant decreases in acetaldehyde concentrations after 48 hours. The higher the initial spiked acetaldehyde concentration, the higher the decrease (95% for 10 mg/dL initial concentration to 50% for 1 mg/dL initial spiked concentration).
This random loss of acetaldehyde during sampling and storage is a probable reason that could explain the observed differences in acetaldehyde between samples. Alternative explanation of the observed differences is differences and variability in the microbial activity in the sample.
Acetone is a physiological metabolite in the human body [20] . Acetone could be converted to 2-propanol and vice versa [19, 21] Blood acetone in living individuals is affected by various factors such as diabetic mellitus [22] , the fasting state [23] , and the drinking state [27] .
In post-mortem cases, significant blood acetone concentrations have been considered as indicative of ketoacidosis that caused death [5, [7] [8] 28] . Blood 2-propanol and acetone concentrations greater than 0.9 mg/dL have been considered indicative of consumption of alcoholic beverages [29] .
However, since the effects of metabolic disorders (ketosis, diabetes, etc) could result in higher concentrations the significance of these markers has been regarded very low [30] . Finally, in a recent study post-mortem blood acetone greater than 2 mg/dL has been suggested as an initial marker for ketoacidosis [8] .
Our results show wide dispersion of acetone and 2-propanol in all sample groups indicating a not specific significance of these volatiles in routine cases. Moreover, our results do not support any significant correlation of acetone and 2-propanol with putrefaction, in discordance with Teresinsky and colleagues [5] .
On the other hand, the maxima concentrations of acetone in natural death cases in this study were lower than those previously reported for sudden deaths in alcoholics and hypothermia deaths while 2-propanol's concentrations were higher than the respective in the previous study. The maxima concentrations of acetone and 2-propanol in violent deaths in our study were higher than those reported for traffic accidents victims with the specific finding of acetonemia (acetone>1.45 mg/dL) [5] .
The levels of both acetone and 2-propanol in our study were within the range but with considerable lower maximum values compared to those reported previously [6] for post-mortem cases.
In this study 10 cases were found with acetone greater than 2 mg/ dL; three of them with putrefaction signs at autopsy (acetone from 2.8-14.7 mg/dL).
One of these three cases had significant blood acetone (14.7 mg/dL) and low ethanol (<10 mg/dL) and the cause of death was pulmonary embolism. The manner of death for the cases with significant acetone was natural in six cases (acetone 2.2-19.6 mg/dL), violent in three cases (acetone 2.53-3.26 mg/dL) and one case was of undetermined cause of death (acetone 4.4 mg/dL).
Cause of death in natural death cases were of cardiovascular origin in five cases, and cerebral haemorrhage in one case. The possibility of diabetic ketoacidosis or hyperosmolar hyperglycemic state was not investigated in the cases of acetonemia.
However our results give an indication that possibly the cut-off level of 2 mg/dl acetone in blood as a marker for ketoacidosis [8] should possibly be reconsidered since elevated acetone levels can be found in cases with putrefaction due to microbial action.
In this study, cases with putrefaction had higher 1-propanol concentrations than those reported previously [5] . Novel finding in this study is that cases of undetermined manner of death along with some cases of violent deaths could be discriminated from cases of natural deaths and the majority of cases of violent death on the basis of measured variables, specifically of 1-propanol and ethanol. This result indicates similarities among the clustered samples.
A possible similarity could be the common origin of 1-propanol and ethanol (and perhaps of other volatiles not studied yet) in the clustered samples. Given the recognized connection of 1-propanol to microbial action in post-mortem samples and ethanol production [4-5, 14, 21, 31-40] this result could suggest that in these samples 1-propanol might be of microbial origin, and enhancing the possibility that part or all of the detected ethanol in the samples might be of microbial origin too.
Nevertheless this hypothesis needs further investigation using a larger dataset pool and possibly other classification method with a different regression model.
Conclusions
This study presents data on the prevalence and levels of different volatiles in autopsy blood samples from different death cases. The results showed the existence of differences in the patterns of these volatiles in cases with different manner of death (natural, violent and undetermined deaths) or with and without presence of putrefaction at autopsy.
The principal component analysis of the results showed that cases of undetermined manner of death along with some cases of violent death achieved clustering from cases of violent or natural manner of death indicating the existence of similarities among the grouped samples on the basis of measured blood 1-propanol and ethanol concentrations.
Nevertheless, further studies are needed in order to uncover the origin and the significance of these similarities.
